To investigate the factors regulating the increase in adipose tissue blood flow following meals. DESIGN: Eight subjects were fed three isoenergetic meals; two high-fat meals rich in either saturated or polyunsaturated fatty acids and one low-fat, high-carbohydrate meal. MEASUREMENTS: Blood samples were taken and adipose tissue blood flow was measured before and for 6 h after the meal. Plasma glucose, insulin, non-esterified fatty acid, total and chylomicron-triacylglycerol and catecholamine concentrations were measured. RESULTS: Adipose tissue blood flow rose to a peak after all three meals (P < 0.05 for each). The three meals stimulated adipose tissue blood flow at similar times. There was a marked and statistically significant similarity in the time course of changes in blood flow and insulin concentrations. In contrast, noradrenaline concentrations peaked later than adipose tissue blood flow (P ¼ 0.014). CONCLUSION: Adipose tissue blood flow may be 'carbohydrate-stimulated' rather than 'fat-stimulated', with insulin having a vasodilatory role in adipose tissue as in skeletal muscle.
Introduction
Eating a meal causes certain, well-established, cardiovascular responses, such as a large fall in splanchnic vascular resistance and a resultant protective increase in cardiac output and heart rate (reviewed in Kearney et al 1 ). We have previously demonstrated that adipose tissue blood flow (ATBF) increases in the postprandial period. 2, 3 The mechanism by which this occurs is not understood. There are many possible regulators of ATBF including neural and endocrine systems and the action of local mediators, which could include adipose tissue metabolites. ATBF may well be regulated by more than one system at any one time. Stimulation of vascular b-adrenoceptors in the subcutaneous adipose tissue is probably one of the mechanisms involved. 4 There is certainly a close relationship between the onset and duration of sympathetic nervous system stimulation after a large meal 5 and the timing of the postprandial rise and subsequent decrease in ATBF.
Food intake seems to activate the sympathetic nervous system, possibly as a reflex response to vasodilatation occurring in the gut. Hormones involved in gut regulation may be mediators for this; for example, (Gln4)-neurotensin, which is released in response to fat in the small intestine, seems to be involved in the regulation of lipid digestion 6, 7 and may act as a hormone affecting the regional deposition of fat postprandially by regulating ATBF. 8 Gut hormones which could be involved include gastric inhibitory polypeptide, cholecystokinin, somatostatin and glucagon-like peptide. Other possible endocrine mediators include insulin (physiological concentrations of which are known to decrease the catecholamine-induced production of vasodilating prostaglandins in adipose tissue), glucagon and angiotensin. It is also possible that insulin-like growth factor-1, which is known to both decrease mean blood pressure and increase smooth muscle blood flow in rats via nitric oxide production, 9,10 may play a role in the regulation of human ATBF.
The time-course of ATBF in the postprandial period might be expected to depend on the type of food ingested. Thus, high-fat meals, which slow gastric emptying compared with meals with a high carbohydrate content 11 and are slow to be digested, might be expected to result in a later rise in ATBF to coincide with the appearance of chylomicrons in the systemic circulation. This would ensure the delivery of those chylomicrons to the adipose tissue lipoprotein lipase (LPL). The concentrations of possible mediators of the rise in postprandial ATBF, such as gut hormones and insulin, will also change according to the type of meal ingested.
Previous studies investigating ATBF in the postprandial period have used high-fat meals, 2, 3 or an oral glucose load.
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The following study was designed to investigate the effects of isoenergetic meals containing different amounts and types of fat on ATBF in the postprandial period and also to investigate the relationship between ATBF, insulin, catecholamine and metabolite concentrations.
Methods

Subjects
In a group of eight subjects (four male), median age 35 y (21 -59 y) and median body mass index (BMI) 25.8 kg=m 2 (22.0 -31.4 kg=m 2 ), ATBF was measured on three different days before and after a mixed meal. The studies were approved by the Central Oxford Research Ethics Committee and all subjects gave informed consent.
Protocol
A mixed meal that was either high in saturated or polyunsaturated fat or a low-fat, high-carbohydrate meal was given at 0 min. The meals were isoenergetic (3.5 MJ) and were given in random order. The meal high in saturated fat consisted of oatmeal, desiccated coconut, raisins, honey, fresh double cream, whole milk and butter. For the meal high in polyunsaturated fat the cream was omitted, skimmed milk replaced the whole fat milk, branflakes (Kellogg Company, Manchester, UK) replaced the oatmeal, sunflower margarine replaced the butter and almonds were used instead of coconut. The high carbohydrate meal consisted of branflakes, raisins, golden syrup, skimmed milk, white sugar, toasted wholemeal bread and marmalade. The content of the meals is described in more detail in Table 1 .
A cannula was inserted into a vein draining a hand and was kept patent by continuous infusion of isotonic saline. On each study day blood samples were taken at 720, 0, 30, 60, 90, 120, 180, 240, 300 and 360 min. At all timepoints plasma glucose, insulin, non-esterified fatty acids (NEFA), total triacylglycerol (TAG) and chylomicron-TAG concentrations were measured. Plasma catecholamines (adrenaline and noradrenaline) were measured at 0, 30, 60, 90, 120 and 240 min. Subcutaneous abdominal ATBF was measured immediately after each sample using the 133 Xe washout method 13 and monitoring with a portable detection system. 2 In brief, 2 MBq 133 Xe dissolved in sterile saline (CIS UK Ltd, High Wycombe, UK) was injected para-umbilically using an insulin-injection syringe with a fine needle (0.36 mm external diameter). The needle was angled from the perpendicular to the skin, and after injection it was withdrawn slowly to avoid passage of 133 Xe along the injection track. Observations were not made until 30 min after injection to allow for subsidence of hyperaemia. The same injection site was used on each occasion for each subject. The partition coefficient for 133 Xe was taken as 10 ml=g 1 .
Analyses Each blood sample was heparinized and a small portion was used for blood gas analysis (oxygen saturation was greater than 97% in all samples). The remainder was used to prepare plasma. Plasma NEFA and glucose concentrations were measured using enzymatic methods on an IL Monarch centrifugal analyser (Instrumentation Laboratory (UK) Ltd, Warrington, Cheshire, UK). Plasma TAG concentrations were also measured enzymatically (with correction for free glycerol). 14 Plasma insulin was measured using a doubleantibody radioimmunoassay method (Kabi Pharmacia Ltd, Milton Keynes, UK). Chylomicron-rich fractions were prepared by layering 2 ml portions of plasma underneath a solution with a density of 1006 g=l in 13Â51 mm centrifuge tubes. The tubes were centrifuged at 4 C in a rotor-type SW 55 at 22 000 rpm for 30 min in an L-70 ultracentrifuge (Beckman Instruments (UK) Ltd, High Wycombe, UK). The chylomicron-rich fraction was removed by aspiration into fine-tipped glass pasteur pipettes. A sample of plasma was stored with preservative solution (ethylene glycolbis (baminoethyl ether)-N,N,N 0 ,N 0 -tetraacetic acid and glutathione) at 770 C for catecholamine analysis. Plasma Calculations and statistical analyses 'Resting' ATBF was taken as the mean of the basal readings before a particular meal and the 'maximal postprandial' value was taken as the maximal ATBF recorded in the subsequent postprandial period. The postprandial rise was taken as the difference between these two values and this was divided by resting ATBF to give the proportional postprandial rise. Sometimes a single high value for ATBF was observed later in the time-course (see Results). In this case time to peak was taken as the time to first point after which there was a decline of at least 0.1 (ml=min)=100 g. 'Basal' metabolite concentrations were taken as the mean of the concentrations at 720 and 0 min and the 'maximal postprandial' values were the maximum concentrations occurring during the postprandial period. The 'basal' noradrenaline and adrenaline concentration was that at 0 min and the 'maximal postprandial' concentration, postprandial rise and proportional postprandial rise were calculated as above. Areas under the curve (AUC) were calculated for the resting period and for the whole study. The postprandial AUC was then calculated by subtracting the resting AUC from the total AUC. The mean resting ATBF was multiplied by 380 min and this area was subtracted from the total AUC to give the incremental AUC.
The results were analysed by repeated measures analysis of variance using SPSS for Windows (SPSS Inc., Chicago, IL, USA). Paired t-tests were used to compare maximum ATBF with resting ATBF. The Bonferroni correction was used whenever multiple testing was performed. 16 To assess concordance of peaks, time series analysis with cross-correlation was used. 17 In this procedure, the correlation between variables is compared at different values for the 'lag' (one variable is shifted relative to the other to determine at which lag value the strongest relationships are found).
Results
Adipose tissue blood flow following the different meals The overall mean resting ATBF for the three study days was 2.76 (s.d. 2.22) (ml=min)=100 g; 3.10 (s.d. 4.77) (ml=min)=100 g prior to the meal high in polyunsaturated fat, 2.06 (s.d. 1.40) (ml=min)=100 g before the meal high in saturated fat and 3.13 (s.d. 2.22) (ml=min)=100 g preceding the low-fat meal. There was no significant difference between the resting ATBF of each subject on the three occasions. Following all three meals ATBF increased to a maximum at 30 -90 min (Figure 1 ) and the difference between the resting and maximum ATBF was significant (P < 0.05). The overall mean maximum ATBF was 6.18 (s.d. (ml=min)=100 g after the high-saturated-fat meal and 7.90 (s.d. 7.14)(ml=min)=100 g after the low-fat meal. On average ATBF returned towards basal levels following this increase (Figure 1 ). However, there were occasional high values at some later time points (in two experiments there was a higher value than the main peak at 360 min, and in three experiments at 300 min). For this reason analysis by 'time to peak' below is based on the first peak as defined in Methods.
There were no significant differences between ATBF after the different meals for maximum ATBF, postprandial rise in ATBF or proportional rise in ATBF. There were also no differences between the overall postprandial ATBF or incremental ATBF for each subject. ATBF did not vary significantly with the type of meal given, but it did vary significantly with time (P < 0.005) after all meals. ATBF followed a similar timecourse following the different meals (Figure 1 ).
Catecholamine concentrations
The overall mean basal noradrenaline concentration was Relationship between adipose tissue blood flow, insulin, catecholamine and metabolite concentrations The time-courses for mean ATBF, glucose and insulin were similar (Figures 1 and 2 ), whereas the time-course for mean ATBF bore no resemblance to those of NEFA (Figure 3 ), TAG and chylomicron-TAG (data not shown). Maximum ATBF occurred at 60, 30 and 30 -90 min after the polyunsaturated, saturated and low-fat, high-carbohydrate meals, respectively (Table 2) . Maximum glucose and insulin concentrations occurred at similar times ( Figure 2 , Table 2 ). In contrast, TAG and chylomicron-TAG concentrations increased after the polyunsaturated and saturated fat meals with maximum concentrations at 180, 180 and 360 min (300 min for chylomicron-TAG), respectively, but there was little change from basal concentrations following the low-fat, high-carbohydrate meal. Maximal NEFA suppression occurred at 90 min after both high-fat meals and 180 min after the low-fat, highcarbohydrate meal (Figure 3) . In an attempt to define more clearly which variables were related to the postprandial increase in ATBF, times to peak were compared ( Table 2 ). The times to peak for ATBF, insulin and glucose were similar whereas that for noradrenaline was longer, and for adrenaline longer still (often there was no clear peak in adrenaline). There were aberrant data for the low-fat meal that were included for all other analyses, but when data for the two high-fat meals were analysed the following conclusions were reached. Times to peak for ATBF, insulin and noradrenaline were compared. Repeated measures ANOVA showed that there were significant differences between them for time to peak (P < 0.01). Post-hoc tests showed a significant difference between time to peak for ATBF and noradrenaline (P ¼ 0.014 with Bonferroni correction) but not for ATBF and insulin (P ¼ 0.6). Cross-correlation analysis was used for ATBF with insulin and with noradrenaline. For insulin, over all meals and for each of the high-fat meals there was a positive cross-correlation with ATBF with no lag (eg polyunsaturated-fat rich meal, r ¼ 0.563, P < 0.0001 with no lag). For noradrenaline, there were also significant cross-correlations with ATBF, with a tendency to a lag (peak noradrenaline later peak than ATBF). This lag was significant for the polyunsaturated-fat rich meal (strongest cross-correlation r ¼ 0.37, P < 0.01 with 30 min lag).
Discussion
All the meals, including the low-fat, high-carbohydrate meal, stimulated a similar rise in ATBF at about the same time after the meal. Our study was not designed, and was not sufficiently powerful, to determine whether the increase in ATBF was quantitatively related to the carbohydrate content of the meal, but it did show clearly that even a meal with very low fat content will stimulate ATBF.
The fact that the fat content of meals made no difference to the timing of the peak in postprandial ATBF seems counterintuitive because high-fat meals take longer to be Figure 2 Plasma glucose, insulin and noradrenaline concentrations after meals high in saturated (black circle) or polyunsaturated fat (white circle) or after a low-fat meal (black diamond), with their standard errors (n ¼ 8).
Adipose tissue blood flow after isoenergetic meals LKM Summers et al digested, slowing gastric emptying 11 and also gut transit time. 18 ATBF might therefore be expected to increase later following the high-fat meals to coincide with the appearance of chylomicrons in the circulation; higher ATBF is required to deliver chylomicrons to adipose tissue LPL and to remove the NEFA produced. A further reason for expecting that ATBF response to high-fat meals might be different to high carbohydrate meals is that the postprandial responses of other vascular beds is altered according to meal type. 19 -21 Cardiac output has been shown to increase after both high-fat and high carbohydrate meals, but with significantly different patterns of response in superior mesenteric artery blood flow and calf blood flow after the two meals; superior mesenteric artery blood flow increased to a greater degree and at a later time, while calf blood flow fell and remained low for a longer period after the high-fat meal than after the high carbohydrate meal. 19 There was a close relationship between the time-courses of ATBF, glucose and insulin concentrations after the three meals, whereas there was no obvious relationship between the time-courses of ATBF, NEFA, TAG and chylomicron-TAG concentrations. This, together with the fact that ATBF is stimulated even by a meal with very little fat content, implies that while this may be a carbohydrate-stimulated system, it is unlikely to be a fat-stimulated system. Insulin is a vasodilator in skeletal muscle 22, 23 and causes skeletal muscle vasodilation after oral glucose loading. 22 This action of insulin is mediated by endothelially-derived nitric oxide 24 which may subsequently stimulate prostaglandin release. 25, 26 There is also some evidence that insulin modulates an endothelial nitric oxide component of the a 2 -and b-adrenergic vascular responses in the human forearm. 27 As expected, an increase in noradrenaline concentrations was seen in our study. 28 -30 Noradrenaline infusion has been shown to cause adipose tissue vasoconstriction. 31 However, the noradrenaline concentrations required to produce this effect were 7-fold the concentrations seen in our study. The fact that, especially after the high-fat meals, the peak noradrenaline concentration occurred later than the peak in ATBF suggests that physiologically, noradrenaline is less important that insulin in this respect. Nor was there any obvious relationship between ATBF and adrenaline concentrations. Again, this was perhaps unexpected as previous work has shown that adrenaline infusion increases ATBF. 31 -33 However, the plasma adrenaline concentrations during infusion in those studies were at least 10-fold those in this study. No increase in adrenaline concentrations was seen following the meals, although a postprandial increase has been observed by other investigators. 29, 34 However, other studies have also failed to show an increase, 28, 30 and it may be that the energy content of the meal, or the composition of the meal, play a role in determining adrenaline concentrations. It is also possible that an increase in adrenaline concentrations was missed due to the infrequency of our sampling; one study, in rats, has demonstrated an increase in adrenaline concentrations just in the first minute of feeding 35 and another, in humans, that adrenaline increases before eating. 36 In conclusion, we have shown that subcutaneous abdominal ATBF increases after meals and that dietary fat is not necessary for this increase. The time-course of the increase in ATBF is closely related to the plasma insulin concentration, suggesting that the postprandial increase may be a carbohydrate-stimulated response. Adipose tissue blood flow after isoenergetic meals LKM Summers et al
